sion needed to stabilize kinetochore-microtubule interduring meiosis, is not necessary for protecting centromeric Rec8 [13, 14]. actions, namely the attachment of maternal and paternal kinetochores to microtubules of opposing orientationMany organisms, such as budding yeast and Drosophila, possess only a single Sgo1/MEI-S332-like prothe very process that must be avoided during mitosis. However, segregation of maternal and paternal kinetotein that is expressed during mitosis and both meiotic divisions [15, 16, 18] . The budding-yeast Sgo1 protein chores to opposite poles at the first meiotic division is only assured if the biorientation of sister kinetochores is clearly involved in kinetochore functions other than centromeric cohesin maintenance. The presence of is actively switched off. Very little is known about this "monoorientation" of sister kinetochores. In the fission Sgo1-like proteins during meiosis II in budding yeast and Drosophila raises the possibility that these proteins yeast Schizosaccharomyces pombe, but not in the budding yeast Saccharomyces cerevisiae, this process dedo not alone confer protection of centromeric sister chromatid cohesion, a suggestion consistent with the pends on Rec8. However, this alone cannot account for the unique behavior of meiosis I kinetochores because finding that, though normally only present during meiosis I, S. pombe's Sgo1 protein does not interfere with Rec8 persists at centromeres until the second meiotic division, during which sister kinetochores biorient just the dissolution of sister centromere cohesion when expressed ectopically during meiosis II [14] . If so, there as in mitosis. Factors must therefore exist that bind to meiosis I but not meiosis II kinetochores and prevent must exist yet other meiosis-specific factors that influence the behavior of meiosis I centromeres. biorientation of the former. Such factors have recently been identified in budding yeast, where a "monopolin"
A candidate for such a protein in budding yeast is the meiosis-specific protein Spo13. A null mutant undercomplex, comprising the meiosis-specific nuclear protein Mam1 and two nucleolar proteins, Lrs4 and Csm1, goes only a single meiotic division, in which sisters frequently but not always segregate to opposite poles [19, associates with kinetochores during meiosis I and prevents sister kinetochore biorientation [8, 9] . 20]. This implies that, in addition to its ability to allow two meiotic divisions to take place, Spo13 is at least Once homologous and not sister kinetochores have bioriented (sometimes known as coorientation), their partially required not only to prevent sister kinetochores from attaching to the meiosis I spindle in a bipolar fashconnection via chiasmata is severed by the destruction of sister chromatid cohesion along chromosome arms.
ion, but also to prevent the removal of cohesins from the vicinity of centromeres. Indeed, centromere-associated This is triggered by the cleavage of Rec8 by separase activated by securin's destruction at the hands of the cohesin is reduced in level in spo13⌬ cells that have undergone meiosis I [5] , and that massive overexpres-APC/C and Cdc20 [6, 10] . Crucially, Rec8 in the vicinity of centromeres is spared from separase at this point so sion of Spo13 interferes with cleavage of Rec8 in mitotic cells [21, 22] . It is nevertheless uncertain whether Spo13 that it can later be used for the biorientation of sister kinetochores during meiosis II [5, 11] . The second meireally has a role in suppressing biorientation of sister kinetochores or protecting Rec8. At least superficially, otic division follows without any intervening round of DNA replication. In budding yeast, the securin (Pds1) the single mixed (equational and reductional) division of spo13 mutants resembles that of spo12 mutants, whose that reaccumulates after anaphase I is destroyed at the onset of anaphase II, which reactivates separase and equational chromosome segregation is now known to arise not because of abnormal biorientation of sister causes dissolution of centromeric cohesion and disjunction of sister centromeres [12] . kinetochores and deprotection of Rec8 when cells initiate anaphase I, but rather because of continuation of the The ability of centromeric Rec8 to resist separase during meiosis I is a property not shared by its mitotic meiotic cell cycle despite failing to complete anaphase I because of a failure to activate the Cdc14 phosphatase counterpart, Scc1. If Scc1 is expressed during meiosis instead of Rec8, all connection between sister chroma- [23, 24] . Given the recent reinterpretation of spo12 mutants, it tids is lost at the first meiotic division [9] . Nevertheless, centromeric Rec8 is resistant to separase neither during is clearly essential to investigate more rigorously the effects of deleting SPO13 before concluding that it has meiosis II nor when expressed instead of Scc1 during mitosis [10] . This implies the existence of centromereany direct role in meiosis I centromere behavior. We show here that Spo13 is indeed necessary to prevent associated factors that confer separase resistance to Rec8 only during meiosis I. The exact identity of these sister kinetochore biorientation during metaphase I by facilitating the recruitment of monopolin to kinetochores factors remains obscure despite recent progress in identifying proteins that are necessary (but probably during late pachytene. Furthermore, Spo13 also has some role in protecting centromeric cohesion from deinsufficient) for protection. The Sgo1 protein in fission yeast [ in prophase II or metaphase II wild-type cells [9] . Anachromosome spreads. Of the anaphase spo13 cells, with little or no chromosome arm staining, most had very little phase completion is delayed in spo13 mutants (see below), with the result that Rec8 cleavage fragments from centromeric Rec8, suggesting that much is destroyed before cells complete anaphase. We conclude that at chromosome arms have disappeared from 40% of all anaphase I cells. This permits visualization of centroleast some centromeric Rec8 persists after the onset of anaphase I in spo13 mutants but that less survives until meric Rec8, albeit in a manner that is less sensitive than the completion of anaphase I than that which survives 5A). This is consistent with a delay in chromosome segregation after arm cohesion has been dissolved. Analyuntil the onset of anaphase II in the wild-type. We investigated whether Spo13 promotes centromeric cohesion sis of Pds1 levels by in situ immunofluorescence leads to the same conclusion. The abnormal accumulation of by facilitating recruitment of Sgo1 to centromeres but found that deletion of SPO13 had little or no major effect mononucleate cells with low levels of Pds1 (that is, cells that have failed to segregate chromosomes despite havon the accumulation or distribution of Sgo1 at centromeres (data not shown; A. Amon, personal communication).
ing activated separase) in mam1 mutants was not noticeably lower in mam1 spo13 double mutants ( Figure  5B ). This delay in chromosome segregation after Pds1 Residual Centromeric Cohesion Persists destruction in mam1 spo13 double mutants could be in spo13 Mutants due to persistence of sister centromere cohesion (as We next addressed whether Rec8 that persists on cenis the case in mam1 mutants; [9] ) or to some other tromeres after anaphase I onset in spo13 mutants actumysterious chromosome segregation apparatus defect ally confers sister centromeric cohesion, at least for a caused by loss of Spo13. If it is due to persistent centrolimited period. Although deletion of SPO13 permits meric cohesion, then it should be eliminated by replacmam1 mutants to undergo a fully equational division on ing Rec8 with Scc1 because the latter cannot apparently bipolar spindles, it did not eliminate the appearance of split URA3 sequences prior to nuclear division (Figure be protected from separase [9] . Experiments to address Cdc20. This experiment also revealed, unexpectedly, that spo13 mutants spend longer in anaphase I and spo11⌬ mam1⌬ spo13⌬ cells than in REC8 spo11⌬ mam1⌬ spo13⌬ cells but still more than in mSCC1 spo11⌬ never reaccumulate Pds1 within binucleate nuclei (Figures 6A-6C ). Although we cannot exclude the possibility spo13⌬ cells (Figure 5B ). We conclude that some but not all of the delay in chromosome segregation after that spore formation precludes our ability to detect Pds1 separase activation in mam1 spo13 double mutants can reaccumulation by in situ immunofluorescence in spo13 be attributed to Rec8. The corollary is that spo13 mumutants, our findings raise the possibility that the failure tants are not fully defective in retaining centromeric coof spo13 mutants to retain centromeric cohesion might hesion immediately after activation of separase during not be due to any intrinsic defect in establishing its meiosis I.
protection from separase at the onset of anaphase I but might instead be due to a failure to turn off separase activity. Figures 8A and 8C) . ads-a level that is about half that produced by spo13 single mutants ( Figure 6D) . Measurement of Cdc20 levThe ability of Spo13 to ensure that monopolin is recruited to kinetochores may be through an indirect els by Western blotting showed that the suppression was not due to upregulation of the P clb2 -CDC20 promoter mechanism, such as phosphorylation of the Lrs4 subunit, that then permits its association to CEN DNA. Alterfusion in spo13⌬ cells ( Figure 6F) . Comparison of synchronous meiotic cultures of P clb2 -CDC20 and P clb2 -natively, it could play a more direct role in targeting monopolins to centromeres by acting on the kinetochore CDC20 spo13⌬ cells showed that deletion of SPO13 accelerated both destruction of Pds1 and execution of itself. Spo13-myc18 was detected on chromatin during pachytene; it formed 40-80 foci (Figure 8B ), implying the first meiotic division ( Figure 6E) . The hyperphosphorylated Rec8 levels that accumulate in P clb2 -CDC20 cells that if it is present at kinetochores, its association is not limited to that location. To resolve this issue, we were also reduced by deletion of SPO13, suggesting that Rec8 is cleaved during the first division of P clb2 -investigated the distribution of Spo13 crosslinked by formaldehyde to DNA fragments of chromosome VI. CDC20 spo13⌬ cells. Somewhat surprisingly, many P clb2 -CDC20 spo13⌬ cells also underwent a second division.
Meiotic cells expressing a fully functional form of Spo13 tagged with 3 HA epitopes were harvested 5 hr after The coincidence of Pds1 destruction and meiosis I in P clb2 -CDC20 spo13⌬ cells suggests that deletion of transfer to sporulation medium and then sonicated to less than 600 bp fragments. DNA fragments immunopre-SPO13 does not bypass the dependence of meiosis I on APC/C activity, but instead permits cells to destroy cipitated by Spo13-HA3 were hybridized to a high-density oligonucleotide array of chromosome VI [28] . Spo13 Pds1 either with less than is required in the wild-type or without any Cdc20 at all. We conclude that, in addition was observed to immunoprecipitate with CEN6 DNA as well as up to 3 kb to its left and right ( Figure 8D ). This to regulating monopolin, Spo13 is an important regulator of the APC/C during meiosis I.
distribution is similar to that observed with known kinetochore proteins (our unpublished data). Surprisingly, peaks of Spo13 binding were observed at other distinct Loss of the Meiosis-Specific APC/C Activator chromatin domains, spanning approximately 25 kb left Ama1 Rescues the Inability of spo13⌬ Cells and right of the peak surrounding CEN6, and to a lesser to Reaccumulate Pds1 after Meiosis I extent at specific sites all along chromosome VI. In fact, and to Form Meiosis II Spindles all significant peaks of Spo13 chromatin association corThe ability of spo13⌬ cells to readily destroy Pds1 and relate well with the distribution of known peaks of both undergo the first nuclear division, either with reduced mitotic and meiotic cohesin on chromosome VI ( [29] ; levels or in the complete absence of Cdc20, suggests our unpublished data). that Spo13 may negatively regulate APC/C activity. From these experiments, it is not clear whether Spo13 downDiscussion regulates Cdc20-activated APC/C specifically or other activated forms of the APC/C. To test this, we deleted in An ability to segregate maternal from paternal centrocells lacking SPO13 the AMA1 gene, encoding a meiosis meres at the first meiotic division while segregating sisspecific APC/C regulator [27]. We found that the deletion ter centromeres at the second without an intervening of AMA1 allowed spo13⌬ cells to form meiosis II spindles round of DNA replication is crucial for the production ( Figures 7A and 7C ) and to perform a second nuclear of haploid gametes from diploid germ cells. Two crucial division, albeit with a lower efficiency than in the wildchanges in centromere behavior make this possible: type. In addition, spo13⌬ ama1⌬ cells, after destroying monoorientation of sister kinetochores at meiosis I and Pds1 at anaphase I, were able to reaccumulate Pds1 in persistence of cohesion between sister centromeres uncells harboring meiosis II spindles (Figures 7B and 7C) . In til the onset of anaphase II. We still have a poor underthe majority of binucleate cells containing a metaphase II standing of both monoorientation and centromere prospindle (86%), Pds1 levels were high (data not shown).
tection despite the discovery of monopolin and Sgo1/ The ability of P clb2 -CDC20 spo13⌬ cells to undergo the MEI-S332 proteins that confer the former and latter, first nuclear division in a timely fashion was not depenrespectively. It is especially unclear what factor(s) deterdent upon AMA1, however (data not shown). We conmines the resistance of centromeric cohesion to separclude that although Spo13 regulates APC/C activity, its ase at meiosis I because Sgo1 is either present at centroaction is not specific to the Ama1-or Cdc20-activated meres during meiosis II or, if not, can be expressed forms of the APC/C. at the onset of anaphase I in spo13 mutants. We show absence of tension created by the existence of chiasmata. In wild-type cells, monopolin can monoorient sisthat Spo13 is a meiosis-specific protein that is present within nuclei and associated with multiple chromosomal ter centromeres without the tension made possible by chiasmata [9] . locations, from pachytene until the onset of anaphase I. Unlike Spo12, Spo13 is essential for suppressing biorOur finding that deletion of SPO13 permits mam1 mutants to disjoin sister centromeres on a bipolar spindle ientation of sister kinetochores during metaphase I, for the stable association of monopolin subunits with meioimplies that spo13 mutants are incapable of preserving sister centromere cohesion for any extended period sis I kinetochores, and for modification of monopolin's Lrs4 subunit in a manner dependent on the Cdc5 poloafter the activation of separase, which is consistent with reduced amounts of centromeric Rec8 in anaphase like kinase. In addition, Spo13 localizes, although not exclusively, to centromeric DNA. Our data suggest that cells. There are at least two explanations for this phenomenon. According to the first, Spo13 participates diSpo13 probably has a direct though still obscure function in promoting monopolin's ability to suppress sister rectly in the mechanism by which centromeric Rec8 is protected from separase at the onset of anaphase I. Our kinetochore biorientation during meiosis I. We have also shown that residual monopolin activity and not the exisdetection of significant amounts of centromeric Rec8 in spreads from anaphase spo13 cells suggests that tence of chiasmata connecting homologous centromeres is responsible for the cosegregation of sister cenSpo13's role is less important than that of Sgo1, which is essential for the persistence of centromeric protected by Sgo1 at the second meiotic division. The soon after the reaccumulation of Pds1 during meiosis II and that this event is unaffected by loss of Spo13. presence of Spo13 at cohesin binding sites, particularly at those just adjacent to the centromere itself, would
One of the more unexpected findings reported in this paper is our discovery that deletion of SPO13 largely be consistent with a direct role for Spo13 in mediating protection of centromeric cohesin. Nevertheless, our suppresses the meiosis I block caused by meiosis-specific depletion of the APC/C's activator, Cdc20. It is finding that spo13 mutants never reaccumulate Pds1 after initiating anaphase I raises the possibility that unlikely that the suppression arises because of defects in sister kinetochore monoorientation and centromeric Spo13 may also regulate centromeric cohesion protection in a less direct manner because of a failure to inactiRec8 protection, raising the likelihood that Spo13 is an important regulator (in this case inhibitor) of the APC/C. vate separase after anaphase I has been initiated. In this case, we would have to assume that the mechanism Consistent with this finding was the observation that the inability of spo13⌬ cells to reaccumulate Pds1 in by which Rec8 is protected is normally switched off from an equational to a reductional one.
